Purpose of Review Waldenström macroglobulinemia (WM) is a rare lymphoproliferative disorder. Up to now, therapeutic choice was not influenced by the biological characteristics of the disease. Here, we will review how recent advances in biology in WM may affect therapy strategy. Recent Findings Recently, WM has been described as a new oncogenic model. MyD88 mutation has been described as a key driver mutation and has functional consequences which could be targeted. Other mutations, such as CXCR4 or TP53, have been reported. These mutations are associated with different clinical presentation, prognosis, and treatment response. Summary Mutational status may influence therapeutic choice in some patients but additional data are required. New targeted therapies are on development.
Introduction
Waldenström macroglobulinemia (WM) is a rare lymphoplasmacytic lymphoma characterized by cellular bone marrow (BM) involvement and monoclonal IgM production. In many cases, the diagnosis is fortuitous and there is no need for immediate therapeutic intervention. Criteria for treatment initiation are cytopenia (BM involvement, immunological destruction, or chronic inflammation), constitutional symptoms, hyperviscosity syndrome, and complications related to IgM activity (anti-myelin-associated glycoprotein (MAG) neuropathy, cold agglutinins disease ...), or to deposits (AL amyloidosis ...) [1] .
At the moment, therapeutic choices are guided by patients' characteristics (age, general condition, and comorbidities) and urgent efficacy need but not by biological disease's characteristics [2] . Most of the patients are initially treated with immunochemotherapies with rituximabbased regimens.
Recently, various recurrent mutations, including MyD88 and CXCXR4 mutations, have been described with different clinical presentations, prognoses, and responses to treatment [3, 4] . These mutations could influence future therapeutic choices. Furthermore, the functional consequences of those mutations could be targeted and new therapies are on development. Finally, p53 defective pathways have been reported in various lymphoproliferative disorders, such as chronic lymphocytic leukemia (CLL), and are associated with poor prognosis and poor treatment responses [5] . Targeted therapies, such as Bruton tyrosine kinase (BTK) inhibitors, are used to bypass this p53 defects [6] . In MW, p53 defective pathways and their functional consequences have been very recently reported.
This review highlights how recent advances in biology of MW could affect therapies.
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Body Headings
MyD88 Mutation: a Diagnosis Tool and Prognostic Factor?
The L265P mutation of myeloid primary differentiation 88 (MyD88) has been first reported in more than 90% of MW by Treon 6 years ago using whole-genome sequencing and has been rapidly confirmed by other teams [4, 7] . MyD88 is a signaling adaptive protein that activates the NF-κB pathway following stimulation with Toll-like receptors (TLRs) and receptors for IL1 and IL18, as described in Fig. 1 . Following ligand binding, receptors are associated with MyD88 as a homodimer. Then, the IL1 receptor kinase 4 (IRAK4) is recruited to MyD88 and phosphorylates IRAK1 and IRAK2 to form a complex known as the "myddosome" which activates the NF-κB pathway and the mitogen-activated protein kinase (MAPK) pathway. MyD88 activating mutation is responsible for enhancement cell survival through increase in NF-κB activity, JAK-STAT3 signaling, and consequently cytokine production. This mutation is not specific of WM and is found, to a lesser extent, in other indolent or aggressive lymphoproliferative disorders [4, 9] . Indeed, MYD88 L265P mutation is detected in nearly half of IgM monoclonal gammopathy of undetermined significance (MGUS) patients, 10% of splenic marginal zone lymphoma patients, 4% of CLL patients, one quart of activated B cell (ABC) diffuse B cell lymphoma patients (DLBCL), and 70% of central nervous system (CNS) DLBCL patients [9, 10] . The mutation is not found in IgG MGUS and myeloma patients or healthy donors. A highest BM disease burden and a better prognosis were initially reported in MyD88-mutated (mut) versus MyD88 wild-type (WT) patients but these data are still controversial [11] [12] [13] . Indeed, Treon showed, in 326 patients, an estimated 10-year survival of 73% versus 90%, in MyD88 WT versus MyD88 mut patients respectively [13] . But, more recently, no difference in tumor burden or overall survival were found by Mayo Clinic group in 219 patients [11] . This difference can be explained because patients with indolent disease were excluded and overall survival was estimated in symptomatic WM patients only. Indeed, time to progression from smoldering to active disease seemed to be shorter for MyD88 WT patients A constitutive activation of nuclear factor-κB (NF-κB) was demonstrated in WM cells. Genes of canonical and noncanonical NF-κB pathways, CXCR4, Toll-like receptors (TLR), and B cell receptor (BCR) may be activated deregulation of survival, apoptosis and proliferation, which may lead to WM clone expansion and tumor progression. Reprinted from Magierowicz et al. [8] , with permission from Elsevier in this latest report (1.8 versus 2.9 years without reaching statistical significance). In summary, more prospective studies are needed to conclude.
MyD88 Mutation: Does It Influence Treatment Response?
Bruton tyrosine kinase (BTK) is a critical node in B cell receptor (BCR) signaling cascades, mediating the signal from BCR to downstream pathways such as NF-κB, phosphatydilinositol3 kinase (PI3K), AKT, and NFAT. In WM cells with MyD88 L265P, MyD88 is preferentially complexed to phosphorylated BTK (pBTK), yet little complexing is observed in lymphoma cells with WT Myd88 [14] . The level of pBTK is higher in WM cells with MyD88 L265P than in WT Myd88 cells. Ibrutinib is a BTK inhibitor, now commonly used in lymphoproliferative disorders, irrespectively of MyD88 mutation. It reduces the binding strength of BTK to MyD88 L265P [14] . The first report of ibrutinib-based treatment f in WM patients has demonstrated a great efficacy and suggested worst response rates in MyD88 WT patients but was assessed in only five MyD88 WT patients. Those patients had no major response to ibrutinib [15•, 16] . Secondarily, no conclusion have been drawn in the arm C of iNNOVATE study, as only one patient had MYD88 WT genotype [17] . This study evaluated ibrutinib plus rituximab versus placebo plus rituximab for patients with relapsed MW. The MyD88 WT patient obtained a stable disease whereas overall response rate (ORR) was 90%. Recently, Dimopoulos reported a slight lower response rate in 11 MyD88 WT patients versus 58 mut patients treated with rituximab plus ibrunitib (81% of overall response rate versus 97%) [18] . MyD88 mutational status did not seem to impact rituximab response rate in the rituximab plus placebo group. These minor differences in response rates with regard to the MyD88 mutational status did not affect the progression free survival (PFS). These results may be interpreted with caution in this small series. The question whether MyD88 mutation is a predictive factor in WM patients treated with ibrutinib is still open. Conventional immunochemotherapies should be preferred in case of MyD88 WT pending further information. Few data are available to compare therapeutic responses to standard immunochemotherapies according to mutational status. Paludo et al. reported that regimens with bendamustine and rituximab (BR) or with dexamethasone, rituximab, and cyclophosphamide (DRC) are equally effective in 38 L265P and 10 WT MyD88 patients with similar response rates and similar time to new treatment [19] . Very recently, FILO French group confirmed that MYD88 mutations did not impact on disease response for 69 patients treated with BR [20] . We can conclude that MyD88 mutation do not impact on response to conventional chemotherapies.
The Myddosome: Functional Consequences and Targeted Strategies
New therapeutic approaches targeting MyD88-driven pathway, so-called myddosome (which includes IRAK1/4 and BTK among others), have been developed or are still on development, such as BTK, PI3K, TLR, IRAK, and hematopoietic cell kinase (HCK) inhibitors, as well as targeting the MyD88 molecule itself.
IRAK Inhibitors
After stimulation, MyD88 forms complexes with IRAK4. MyD88 L265 P mutation activates downstream signaling pathway, such as IRAK1/4. Indeed, compared with the WT MyD88 protein, the mutated MyD88 protein has enhanced IRAK4 and pIRAK1 binding and can form the myddosome without external stimuli [14, 21] . Furthermore, IRAK1/4 signaling may contribute to persistent WM cell survival following ibrutinib treatment since WM patients cells following 6 months of continued ibrutinib treatment demonstrated highly active IRAK1 and IRAK4, but not BTK [22•] . Treatment of primary WM cells taken from untreated patients, patients on ibrutinib therapy, as well as MYD88-mutated WM cells lines with ibrutinib, and a toolbox IRAK4/IRAK1 inhibitor resulted in more robust reductions in NF-κB signaling, and at least additive tumor cell killing versus either agent alone [22•] . This study provides a framework for the development and investigation of IRAK inhibitors, alone and in combination with ibrutinib in WM patients.
HCK Inhibitors HCK is a member of the SRC family of protein tyrosine kinases, and one of the most aberrantly upregulated genes in WM cells [23] . HCK is activated by interleukin-6 among others. Yang et al. investigated the role of HCK in WM, and the impact of MyD88 mutation and ibrutinib on the transcriptional regulation and activation of HCK [24•] . They demonstrated that HCK transcription is driven by mutated MyD88 and that HCK is a determinant of survival in MyD88-mutated cells, whereas HCK expression was virtually absent in WT cells. Ibrutinib is also a potent nonconvalent inhibitor of several SRC family members including HCK. Ibrutinib and a preclinical HCK inhibitor attenuated HCK activation and impact survival in Myd88 WM-mutated cells. HCK should represent a novel target for therapeutic development in MyD88-mutated cells.
MyD88 Inhibitors MyD88 dimerization seems to be necessary for assembly of the myddosome, which is composed of MyD88 dimers that recruit and activate IRAK1/2/4 complex and can then trigger NF-κB activation mediating cell growth and survival signaling. In contrast to native Myd88, mutated MyD88 protein can assemble without external stimuli and trigger constitutive NF-κB activation. First report of L265P MyD88 mutation in WM patients has shown marked decrease in nuclear staining of NF-κB p65, as well as decreased IkBα and NF-κB p65 phosphorylation after culture of MyD88-mutated cells with an inhibitor of Myd88 homodimerization [4] . In contrast, WT WM cells were unaffected by the inhibition of MyD88 signaling. More recently, preclinical studies have demonstrated that interference of myddosome assembly within selected regions of the Toll/interleukin-1 receptor (TIR) domain and death domain (DD) of MyD88 protein can impact growth and survival signaling of MyD88L265P-mutated WM cells [25•] . Interference was obtained with mini-peptides designed to compete with MyD88 TIR and DD domain interactions. These findings provide a framework for developing this type of agents.
TLR Inhibitors The MyD88 mutation has been shown to overactivate TLR7 and 9 mediating signaling pathways. Pharmacological inhibitors of TLR9 have been considered and clinical trial has been proposed with an oligonucleotide inhibiting TLRs 7.8 and 9 (IMO-8400) in WM patients but results are not known yet. IMO-8400 has also been studied in mouse xenografts models, alone or in combination with rituximab. It was well tolerated and exerted potent anti-tumor activity against B cell lymphomas with the MYD88 L265P oncogenic mutation, providing a strong rationale to evaluate this treatment for patients harboring MyD88 mutation [26] . Nevertheless, and unexpectedly, Wang et al. have then reported that interference with TLR9 signaling paradoxically promotes accumulation of MyD88-mutated lymphoplasmablasts in vivo [27] . These conclusions raise the possibility that inhibiting these receptors may be associated with adverse implications and have to be specified.
TCR-Based Immunotherapy
Moreover, MyD88 L265P containing peptides can elicit human leukocyte antigen (HLA) class-1 restricted cytotoxic T cell response, supporting the potential for T cell receptor (TCR)-based immunotherapy. Indeed, the immune system can recognize, and to some extent, eradicate tumor cells but this anti-tumor response is often inefficient. Antigen-specific immunotherapy holds the potential to induce and boost clinically effective cancer T cell responses. Tumor-specific neoepitopes can derive from protein-alteration mutational events. Nelde et al. have identified a set of HLA class 1 MyD88 L265P-derived ligands that elicit specific T cell responses [28] . These data highlight the potential of MyD88 L265P-mutation-specific peptides-based immunotherapy as a novel personalized treatment approach.
CXCR4 Mutation: a Prognostic Factor?
CXCR4 is a chemokine receptor that promotes WM survival, migration, and adhesion to the BM stroma through interaction with its ligand CXCL12 (or SDF-1) [29] . WM cells express CXCR4. Activating C-X-C chemokine receptor type-4 (CXCR4) frameshift or nonsense mutations in the C terminal tail was demonstrated in approximately 30% of WM patients [3] . The location of these somatic mutations is similar to that observed in the germline of patients with warts, hypogammaglobulinemia, infections, and myelokathexis (WHIM) syndrome, a congenital immunodeficiency disorder characterized by chronic noncyclic neutropenia [30] . Importantly, 98% CXCR4 mut patients are also MyD88 L265P positive, suggesting a potential cooperation between these pathways. These activating mutations impair receptor internalization and result in persistent CXCR4 activation and BM myeloid cell trafficking. At least, 40 different CXCR4 somatic mutations have been identified in patients with WM. Furthermore, genes related to CXCR4 signaling were upregulated (CXCR4, CXCL12/SDF-1, and VCAM1), regardless of the CXCR4 mutational status [31] . This confirms the crucial role of CXCR4 pathway in WM pathophysiology. Preclinical studies with the most common CXCR4 S338X mutation in WM have shown sustained signaling of AKT, ERK, and BTK following CXCL12 binding in comparison with wildtype CXCR4, as well as increased cell growth and survival of WM cells. CXCR4 mutations are associated with complex genomic aberrations [8, 32] . Patients with CXCR4 mutations demonstrate lower adenopathies, delineating differences in disease tropism, and nonsense mutations are associated with higher IgM production and hyperviscosity [12] . Overall survival is not adversely impacted by CXCR4 mutational status [12, 17] .
CXCR4 Mutation: Does It Influence Treatment Response?
A potential clinical impact of CXCR4 mutation has been suggested by several teams, by showing drug resistance in vitro [33•, 34] . Indeed, Rocarro and colleagues investigated the functional role of this variant. CXCR4-mutated mice presented with a significant dissemination of tumor cells to distant organs and a reduced survival. WMmutated cells demonstrated resistance to BTK as well as PI3K and m-Tor inhibitors. Importantly, proteasome inhibitors were equally effective in exerting toxicity against both mutated and non-mutated cells. Anti-CXCR4 monoclonal antibodies were effective against WM cells, independently of their mutational status [34] . In the same way, Cao and colleagues have demonstrated ibrutinib resistance among MW cells engineered with CXCR4 mutation [33•] . These data were in support of initial data indicating that CXCR4-mutated patients presented with resistance to ibrutinib but these findings were based on a small cohort of patients (21 mutated patients) [15•, 16] . Secondarily, no response differences were described in international trial iNNOVATE for 38 mutated patients treated with ibrutinib plus rituximab [17, 18] . In the same way, CXCR4 mutational status did not seem to impact statistically rituximab response rate in the rituximab plus placebo group although patients with MyD88 L265P CXCR4 WHIM genotype had a numerically higher rate of major response. More recently, 30 patients with treatment-naive WM were treated with ibrutinib [35•] . A higher incidence of adenopathies was observed among patients with CXCR4 WT disease (n = 16), as described previously. There was a trend for lower IgM level for WT patients but it did not reach statistical significance. Very good partial response rates were higher (31% versus 7%), but not statistically significant, in CXCR4 WT patients. Very interestingly, the median time to major response was delayed in mutated patients and was 7.3 versus 1.8 months (p = 0.01) when compared with WT patients. Similar response kinetics were also previously observed [16, 17] . Finally, the presence of CXCR4 mutation did not impact on disease response in the recent report of the FILO French group about 69 patients treated with BR [20] . More studies are needed to conclude about clinical impact of CXCR4 mutation when starting a treatment. At this moment, therapeutic choice could not be based on CXCR4 mutational status, but ibrutinib should be avoided for mutated patients who need urgent efficacy. Interestingly, the development of BTK or PLCG2 mutations was identified only in WM patients with CXCR4 mutations, supporting genomic instability as the basis of clonal evolution.
CXCR4 Mutation and Targeted Therapy
Monoclonal antibody therapy is frequently used in WM. Anti-CD20 antibody rituximab is the most commonly used with great efficacy. New monoclonal antibodies have also been shown to be safe and effective, as anti-CXCR4 antibody. Indeed, targeting the CXCR4-CXCL12 axis with CXCR4 antagonist represents an interesting therapeutic approach in WM patients. Ulocuplumab is a fully humanized anti-CXCR4 monoclonal antibody, with halflife longer than the CXCR4 antagonist plerixafor. It has been shown, in preclinical studies, not only to inhibit CXCR4 activation and migration but also to induce apoptosis of CLL cells at nanomolar concentrations, in the presence or absence of stroma support [36] . It has been used in association, in clinical trials for the treatment of relapsed/refractory multiple myeloma and acute myeloid leukemia patients, with encouraging results [37, 38] .
In the context of WM, ulocuplumab has been recently studied both in vitro and in vivo and was equally effective in targeting both CXCR4 WHIM and un-mutated WM cells [34] . The use of the antibody led to significant tumor reduction.
A clinical trial examining ibrutinib with ulocuplumab in symptomatic patients with CXCR4 mutations with WM is ongoing (NCT03225716).
TP53 Alterations: Does It Influence Prognosis and Treatment Response?
TP53 is located at the chromosome 17p13 locus and encodes for a tumor-suppressor protein P53. P53 is a transcription factor and acts as a critical regulator of cellular proliferation, cell-cycle check-point, DNA repair, and apoptosis. In the past 5 years, numerous genomic studies identified TP53 as the most-frequently mutated gene across a large spectrum of cancer types [39] . In lymphoid malignancies, the frequency of TP53 mutations is lower than in other types of cancer but is widely described [40] . The deletion of the short arm of the chromosome 17 (Del17p) is also responsible of defective p53 pathway. The responsiveness of many tumor cells to anticancer therapy-chemotherapy or irradiation-generally seems to be highly dependent on the apoptosis-inducing ability of p53. For this reason, TP53 mutations and del17p are associated with unfavorable therapeutic responses and poor prognosis in many cancers. These mutations have been well described in numerous lymphoid disorders, including CLL and marginal zone lymphoma (MZL) [41, 42] . BTK inhibitors, such as ibrutinib, can be proposed to bypass p53 defective pathway for the treatment. In patients with treatmentnaïve MW, del17p are encountered in 7% of patients and are associated with shorter PFS (18.7 months versus 30 months) and shorter disease-free survival (7.8 months versus 28.8 months) [43] . Recently, TP53 mutations incidence and their functional consequences were analyzed in a series of 125 WM patients [44•] . TP53 mutations were observed in 7.3% of patients and were associated with TP53 deletions in 58.3% of the cases, suggesting a high correlation between TP53 mutations and del17p and a frequent biallelic inactivation of TP53 in WM. TP53 alterations (mutation, deletion, or uniparental disomy) presented a greater frequency of genomic aberrations compared with TP53 WT. Low frequency of TP53 mutation at diagnosis was confirmed by other groups [45, 46] . Patients with TP53 alterations had a shorter overall survival and a shorter time to progression to a symptomatic disease. The effect of ibrutinib was assessed in vitro among 8 primary WM cells, of which 3 had TP53 mutation. The sensitivity to induction of cell death was similar independently of TP53 mutational status. Very recently, Gustine et al. have also reported 3 patients with TP53 mutation successfully treated with ibrutinib [45] . These data, consistent with observations in other lymphoid disorders, have to be confirmed in vivo with a large number of patients. In case of similar results in vivo, treatment that either bypass the p53 defective pathway (as BTK inhibitors) or reactivate the p53 protein should be considered for patients with TP53 alterations. Ibrutinib may therefore represent an optimal therapeutic option for bypassing the defective TP53 pathway and overcoming chemoresistance in TP53-mutated patients. This has to be confirmed in clinical trials.
At this time, and pending further data, we can conclude that conventional rituximab-based chemotherapies should be preferred in case of MyD88 non-mutated MW or in case of CXCR4 mutation MW with urgent efficacy need.
Conclusion
Although WM is a chronic lymphoproliferative disorder, it remains an incurable disease with risk of mortality. Rituximab-based regimens with chemotherapy have been the most used treatments and new treatment strategies are needed. From a biological point of view, WM is a new oncogenic model with MYD88 L265P mutation as a key driver. Other mutations such as CXCR4 or TP53 may play a role in disease pathogenesis, prognostication in new frontline therapy era and even underlying mechanisms of drug resistance. A first step toward a personalized medicine in WM is currently studied in clinical trials.
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